The goal of this paper is to examine the transmission dynamics between the real interest rate and gold prices in the G7. The methodology follows the Bayesian Markov-Switching Vector Error-Correction (MS-VECM) model, along with regime-dependent impulse response functions, spanning the period 1975-2016. The findings suggest a positive association between gold prices and real interest rates, with the estimates remaining consistently positive and statistically significant across all G7 countries. The results indicate that gold prices can provide hedging services against real interest rate movements mainly during recessionary times. Our results continue to be robust when we extend the bivariate version of our modeling approach to include more drivers for gold prices.
Introduction
One of the main factors which influence investment holdings is the real interest rate. As the real rate of interest falls, alternative assets become more attractive, and vice versa. During periods of low investor confidence, gold can be seen as an attractive substitute investment alternative. This association between gold and the real interest rate was first observed by Wicksell in as far back as 1907. During periods of crisis, gold has served as a hedge and stabilizing vehicle, leading to lower volatility movements in portfolios (Baur and McDermott, 2010; Belke, 2013) . This is due to the unique features that gold carries compared to other assets, i.e. it does not perish, and it lacks default risks. Gold has acted as a security during times of crisis outperforming bonds and equities. History has demonstrated this. When Britain voted to leave the European Union in 2016 for example, gold prices rose by $100 within six hours as investors began to buy gold in the face of a falling pound and euro. Similarly, in February 2009 gold reached $1000 an ounce following the financial crisis. The U.S debt ceiling in the aftermath of the 2008 financial crisis, and the Eurozone debt crisis resulted in the price of gold rising from $1000 an ounce in 2009 to $1895 by September 2011 (Amadeo, 2017) . The removal of the U.S dollar from the gold standard in 1976 was another event which led the price of gold to rise from $42 to $120 an ounce (Amadeo, 2017) . Thus, high gold prices could be a signal of high inflation or a weak economy as investors see gold as a hedge during periods of crisis or recession. Low
Literature
This paper is closely related to the strand of literature that identifies the drivers affecting gold prices. In particular, a number of factors can influence the demand for gold and hence its price (O'Connor et al., 2015 for a detailed review of the literature). The interest rate, the exchange rate, the inflation rate, the returns on other commodities, such as oil and precious metals have been identified as such potential drivers. There is a large literature investigating the relationship between gold and inflation (Erb and Harvey, 2013; Batten et al., 2013; Bampinas and Panagiotidis, 2015) , gold and oil prices (Ewing and Malik, 2013; Reboredo, 2013; Wang and Chueh, 2013) , gold and exchange rates (Sjaastad and Scacciavillani, 1996; Capie et al., 2005; Tulley and Lucey, 2007) , gold and other precious metals (Garbade and Silber, 1983; Ma, 1985; Wahab et al., 1994; Bhar and Hammoudeh, 2011) .
Theoretical studies on gold prices and the rate of interest include those by Diba and Grossman (1984) and Fortune (1987) . Fortune (1987) constructs a model relating gold price inflation to consumer and wholesale prices and the expected rate of interest. According to this model, given an expected level of future prices, an increase in expected interest rates will lead to a fall in the price of gold. The higher the expected interest rate in the future, investors will reduce purchases of, and increase the sale of gold to buy liquid assets, which will yield a higher expected rate of return. This transformation from gold to liquid assets is undertaken under the expectation that the price of gold will fall in response to the increase in expected future interest rates. Diba and Grossman (1984) put forward a theoretical model to investigate the possibility of a rational bubble in the price of gold. They argue that the time series of its price, as well as the differenced series should be non-stationary if a rational bubble should exist. The results indicate that the differenced series of gold prices is stationary. The empirical results also suggest a close correlation between the time series properties of the relative price of gold and the time series properties of the real interest rate, indicating that the price of gold responds to market fundamentals, which is not suggestive of a rational bubble.
On the empirical front, Cai et al. (2001) , Lawrence (2003) , Levin et al. (1994) , Bhar and Hammoudeh (2011) , Batten et al. (2013) , Baur (2011 ), Tulley and Lucey, 2007 , and Wang and Chueh (2013 among others, explore the relationship between gold prices and interest rates. Using an ARCH model, Cai et al. (2001) observe that macroeconomic announcements with regard to employment, gross domestic product, the consumer price index, and personal income, affect gold prices. They also note that the gold market price volatility exhibits long memory properties. By contrast, Lawrence (2003) reaches the differing results. Employing a Vector Autoregressive methodology and U.S data over the period 1975 -2001 , Lawrence (2003 investigates the relationship between gold and financial variables. His results report the absence of a statistically significant relationship between gold returns and changes in macroeconomic variables, including GDP, inflation and real interest rates. Similar results are documented by Tulley and Lucey (2007) who investigate the relationship between the price of gold and a number of variables, including the nominal rate of interest, stock prices, oil prices, exchange rates, inflation rates, and industrial production. Employing an Asymmetric Power GARCH (APGARCH) model, they do not observe any statistically significant relationship between nominal interest rates and gold prices. The U.S dollar is found to be the primary variable which influences gold prices. Employing a Markov model accounting for regime changes to investigate the relationship between four commodity prices: gold, copper, oil and silver and three financial variables: the nominal interest rate, the exchange rate and the world stock market, Bhar and Hammoudeh (2011) find that the association between commodity prices and financial variables are regime dependent. Out of the four commodities, oil prices are shown to have the strongest relationship with the financial variables in both regimes, while gold prices are found to have the least linkage with them. Batten et al. (2013) observe a significant time variation in the relation between gold and inflation in the past decade. They attribute to changes in the rate of interest. Examining the relationship between oil, gold prices, the interest rate and the U.S. dollar using threshold cointegration, Wang and Chueh (2013) find that nominal interest rates have a negative impact on gold prices and a positive effect on oil prices. Gold and oil prices are also found to influence the nominal interest rate. Baur (2011) argues that the relationship between gold and short-and long-term interest rates differs. In a study of whether gold is a store of value and a hedge against movements in macroeconomic variables, Baur (2011) observes that gold is a hedge against a lower US dollar and higher commodity prices over a 30-year period, spanning 1979 to 2010. The results also indicate that lower short-term and higher long-term real interest rates influence the price of gold in a positive manner. His results suggest that gold prices increase if the short-term opportunity cost of holding gold decreases and long-term inflation expectations increase. Levin et al. (1994 Levin et al. ( , 2006 similarly, find that gold acts as a long term hedge against inflation.
These previous studies provide a motivation for the present one. We however, focus specifically on the relation between interest rates and gold prices as opposed to many studies which examine the relation between interest rates and gold prices among prices of a number of other precious metals. Our dataset additionally covers the 2008 financial crisis period. We use a Bayseian MS (2)-VECM model to capture this relationship.
Methodology and data

Methodology
Regime-switching models were first introduced by Hamilton (1989) to U.S. GDP data. These non-linear models are broadly applied to financial and economic data (Hamilton, 1998; Lam, 1990; Garcia and Perron, 1996; Kim and Nelson, 1998 among many others). These models, which involve multiple structures, can characterize the time series behaviors across different regimes. These states have two common features: the past regimes are recurrent and the number of regimes is finite. By permitting switching between across regimes, this modeling method is capable of capturing more complex dynamic patterns.
Following these studies, this paper examines the time-varying dynamic relationship between real interest rates and gold prices by using the Markov Switching Vector Error Correction Model (MS-VECM) proposed by Krolzig (1999) , which is a multivariate generalization of the Hamilton (1989) model. A MS-VECM model has been also applied by Sarno and Valenete (2005) for forecasting stock returns who illustrate regime-switching in the term structure of interest rates. This methodological approach predicts the presence of different regimes, where the parameters of a MS-VECM are designed to take a constant value in each regime and to shift discretely from one regime to the other. Such changes are considered as random events controlled by a Hidden Markov process with a finite number of states (regimes), which is defined by the transition probabilities. The MS-VECM is well suited for testing the hypothesis of independence, because it yields the transition probabilities that the real interest rate and gold prices are moving jointly in a given regime. In other words, causality from the real interest rate to gold prices points out that the two markets are integrated and that real interest rate changes can lead to changes in gold prices. In this model, it is also possible to reconstruct the regimes by inferring the probabilities of the unobserved regime, conditional on an available information set. Hence, this approach has the advantage to adequately capture changes in the causality relationships arising from switches in regimes. Accordingly, this approach allows us to identify the periods during which an appropriate causality holds (regime-dependent Granger causality)
1 . Unlike the standard linear VECM model, which assumes a constant variance covariance matrix, the MS-VECM approach has an important characteristic that the contemporaneous covariance matrix of the residuals is also regime switching, and substantial differences across regimes emerge. Consequently, the conventional impulse response analysis is expected to lead to severely misleading results. Thus, in order to generate regime-dependent impulse responses with error bands, it is possible to use the Bayesian Markov-Chain Monte Carlo (MCMC) integration method of the Gibbs sampling (Ehrmann et al., 2003) . 
Concretely
which can be rewritten in the following matrix format:
where D denotes the difference operator, the 2 Â 2 ðÞ matrix lag polynomial C L ðÞS t ðÞ of order p denotes the state-dependent short-run dynamics of the model, e t NID 0; X S t ðÞ ðÞ is the innovation process with a regime-dependent variance-covariance matrix X S t ðÞ(i.e. a heteroscedastic error term). S t is an m-regime Markov process defined by constant transition probabilities:
More precisely, p ij is the transition probability that both the real interest rate and gold prices changes are in regime i, given that the mast period they were in regime j. The transition probability p ij can be rewritten in the following matrix format:
The transition probabilities also provide us with the expected duration, ED j ÀÁ , and the system is going to stay in a certain regime 2 : ðÞ which contains the regime-dependent adjustment coefficients characterizing the reaction of each variable to disequilibria from the r long-run relations given by the r-dimensional vector b 0 Y tÀ1 .
Switching in P S t ðÞ can be understood as switching in the cointegrating vectors, the state-dependent weighting matrix, or both. Such model can be interpreted as follows: the long-run relationship between the variables, b 0 Y tÀ1 , is unchanging to the state of the economy; however, the weights given to each relationship, a S t ðÞ , are state-dependent, which implies that the economy could probably have distinct long-run impacts across regimes via a S t ðÞ , as long as keeping up any long-run relationship among the variables. More precisely, we can have the cointegrating relationship, b 0 Y tÀ1 , while having different 1 For example, the previous studies about the presence of causality between spot and futures oil prices (Hammoudeh and Li, 2004; Bekiros and Diks, 2008) have concluded that the findings of Granger causality tests (presence and direction of causality) depend upon changes in the sample period.
2 When p jj is higher, then the null hypothesis of no regime shift would be rejected.
long-run responses to shocks. Thus, switches can be interpreted as differences across regimes in the rate of long-run adjustment. In our study, a shock to the real interest rate, which may be caused by shifts in monetary policy, will have different long-run effects on gold prices. In our analysis, we assume that the system of the real interest rate and gold prices is characterized by two regimes in their volatility, namely a larger mean, high-volatility regime and a smaller mean, low-volatility regime. Such assumption is supported by recession-expansion cycles detected in multiple financial and macroeconomic time series. This is in line with several studies showing that the two-state Markov switching model is adequate to describe the dynamic interaction between time series (Kanas and Tsiotas, 2005) .
A useful starting point for building an appropriate MS-VECM model is to select the order p by using the Bayesian information criterion (BIC) in a linear VAR p ðÞ . In the next step of analysis, the Likelihood Ratio (LR) statistic is used to test the null hypothesis of non-linear MS-VECM against linear VCEM alternative. However, some elements of transition probabilities can take any values without influencing the likelihood function. This leads to both nuisance parameters and zero score problems, under the null hypothesis which implies that asymptotically the LR statistic fails to have a standard chi-square distribution. Therefore the LR needs to be adjusted or obtain an upper significance bound according to the suggestions by Davies. For circumventing the nuisance parameters problem, Ang and Bekaert (2002) suggest alternative LR tests for the case in which the statistic has the limit distribution of v 2 with m degrees of freedom (the number of restriction plus the nuisance parameters). In the last step, given the non-linearity hypothesis, both the likelihood-ratio statistic and the Akaike information Criterion (AIC) are used to select the number of regimes and the MS specification.
The MS-VECM can be estimated using a two-step maximum likelihood procedure 3 . The first step consists of testing for the number of cointegrating relations r (i.e., identify the rank of P S t ðÞ ) and estimating the coefficients of the r cointegrating vectors in b 0 by using Johansen's (1988) The Bayesian approach has two advantages that make it particularly attractive for the estimation of the MS-VECM model. First, the prior distribution for model parameters is often an advantage for Bayesian analysis of Markov switching models. Second, the Bayesian approach yields the transition probabilities which are not conditional on particular parameters values and, thus, these parameters are themselves assumed to be random variables. where R l i , R b , R a i and R C i are priors for variance-covariance matrices of l i , b, a i and C i , respectively. We assume prior independence between X i and B i . We also assume the independence between the priors in the different regimes.
Prior distributions
R B i ¼ R l i 00 0 R b 0 0 0 0 0 R a i 0 0 0 0 R C i
Posteriori distributions
Posteriors samples of all unknown parameters are drawn by using MCMC sampler as follows: First, we draw X i ; i ¼ 1; ÁÁÁ; m given regimes S i , transition probabilities P and the parameters B i . The conditional posteriori of X i is derived as an inverted Wishart distribution. Second, we draw regimes S i given transition probabilities P, the parameters B i and the variance matrix X i ; i ¼ 1; ÁÁÁ; m by using the multi-move Gibbs sampling algorithm. Finally, after drawing regimes, we generate the transition probabilities given the regimes. The unconditional transition probabilities are derived as a Dirichlet distribution. In the next step we apply the impulse response function (IRF) to analyze the dynamic interaction between real interest rate and gold price within each Markov switching regime.
Data
The analysis involves the G7 countries (US, UK, Germany, Canada, Japan, France, Italy), spanning the period 1975-2016. Quarterly data on gold prices (spot prices), real interest rates (nominal interest rates on 10-year government bonds have been gathered-to convert these rates to real rates, we subtracted the CPI inflation rate, percentage changes in the index), consumer prices indexes, real GDP (at 2005 prices), exchange rates with respect to the dollar (in the case of the European countries, prior to the euro era, the exchange rate was the ECU with respect to the dollar), oil prices (measured as spot prices for Cushing, OK WTI crude oil, measured in US dollars per barrel) silver prices (measured in dollar per troy ounce-spot prices), copper prices (measured in dollar per pound-spot prices) and stock price indexes (S&P500, FTSE100, DAX, S&P/TSX Comp, Nikkei225, CAC40, FTSE MIB) were obtained. All data are sourced from Datastream.
Empirical analysis
Bivariate results
In the first part of the analysis, a bivariate association is explored between real interest rates and gold prices. In particular, first we examine whether the data we use contain unit roots. Accordingly, we employ the standard efficient test proposed by Elliott et al. (1996) . The test indicates that both series are characterized by non-stationarity (Table 1 ). The Elliot et al. (1996) test addresses the problem of the low power of the ADF test relative to local alternatives by using a GLS detrending procedure. Table 2 reports the results of the cointegration rank tests. According to the cointegration rank tests, there exists a single cointegration vector. The finding of a single cointegrating vector strongly supports the presence of one common stochastic trend in the data set.
Next, normalising the cointegration vector against the gold prices, we obtain the unrestricted formulation of the long-run relationship. Hence, the long-run bivariate estimates are reported in Table 3 . The findings illustrate a positive association between gold prices and real interest rates, with these estimates remaining consistently positive and statistically significant across all G7 countries. This positive association implies that tighter economic conditions in the most important countries around the globe seem to increase economic uncertainty, thus, leading to higher gold prices. Moreover, the higher impact is displayed in the case of the US, signifying the important role of US monetary policy for the domestic, as well as the global economic outlook. The findings of a positive association between gold prices and real interest rates gain support from certain studies in the literature (Cai et al., 2001; Batten et al., 2013) . By contrast, Fortune (1987) , Barsky and Summers (1988) , Tulley and Lucey (2007) and Wang and Chueh (2013) highlight that real interest rates are negatively correlated with gold prices. Lawrence (2003) finds no statistical association between these two variables, while finally, Bhar and Hammoudeh (2011) claim that it is hard to find a sign association between them that dominates each other, because such an association is regime dependent (i.e., non-linear). Next, we turn to the investigation of the short-run dynamics of the system both in relation to the adjustment towards the long-run equilibrium and the direct linkages across the underlying markets, as described by the interactions between the lagged variables in the underlying VECM. After establishing a cointegrating relationship between gold prices and real interest rates, linear VECM and different variants of MS-VECM are estimated. The tests based on information criterion are used to determine the number of regimes. Table 4 shows the comparison of linear VECM and different specifications of nonlinear MS-VECM based on the Akaike information criterion (AIC). According to the AIC criterion, the best model specification is a non-linear specification for the US, the UK, Italy and Germany, being an MS(3)-VECM(1,1) model, with three regimes, heteroscedastic errors and an autoregressive order of one. For Canada, the best model specification is also a non-linear specification, that is a MS (3)-VECM(2,2) model. However, for the case of Japan and France in which the VECM model goes with two lags, we accept the ''linear" null. Therefore, linear VECM is selected for estimating the gold price response to real interest rate changes and conclude that there is weak evidence in favor of the cases of two and three regimes.
The results on non-linear estimates are reported in Table 5 . The first regime is the one characterized by a booming economy, while conversely, the second regime presents recessionary periods, including the period of the recent sub-prime crisis, Null and alternative denote the null and alternative hypothesis, respectively. r denotes the number of cointegrating vectors. . For the case of the US economy, the ergodic probability and transition matrices suggest the dominance of the first regime. In particular, the first regime persists for 61.14 percent of the quarters and lasts for 116 quarters, while the second regime remains for 38.60 percent of the quarters, lasting for 52 quarters. The results match those on the US turning points of the business cycle revealed by the NBER. Moreover, although both regimes support the adjustment of gold prices towards long-run equilibrium, this primarily occurs over the second regime, implying that gold prices adjust faster during recessions; in that sense, gold prices display a strong hedging potential during recessionary times. At the same time, there exists a negative and significant relationship between the change in the lagged value of real interest rates and the change in the lagged value of gold prices in both regimes, with the impact being stronger in the second regime (the recessionary phase). Overall, we can conclude that gold prices can provide hedging services against real interest rate movements mainly during recessionary times. The results for the remaining six economies remain persistently similar, with the findings matching the turning business cycle points published by the CD Howe Institute Business Cycle Council for Canada, CEPR for the three European (and Eurozone) economies, Investing.com for the UK, and the Research Economic Outlook of the FRB of Saint Louis for Japan. VECM(1,1) À525.44 
Robustness check
This part of the empirical analysis extends the bivariate version of our modeling approach by including more drivers for gold prices, including consumer prices (Cecchetti et al., 2000; Boivin and Ng, 2006; Banerjee and Marcellino, 2006; Dempster and Artigas, 2009 ), real GDP (at 2005 prices) (Martha and Tran, 2007; Bapna et al., 2012; Warda et al., 2014) , exchange rates (Kiohos and Sariannidis, 2010; Apak et al., 2012) , oil prices (Wang et al., 2010; Samanta and Zadeh, 2012) , silver prices (Aggarwal et al., 2014; Ciner, 2015) , copper prices (Roache and Rossi, 2009 ) and stock prices (Baur and Lucey, 2010; Baur and McDermott, 2010; Gaur and Bansal, 2010) . We first examine whether the new drivers contain unit roots. The Elliott et al. (1996) test indicates that all series are characterized by non-stationarity (Table 6) .
Next, given the stationarity tests reported in Table 6 , the new cointegration findings (available upon request) document the presence of cointegration across the expanded model, as well as the presence of a single cointegration vector. Normalising the cointegration vector against the gold prices, we obtain the formulation of the long-run relationship, with the longrun multivariate estimates being reported in Table 7 . The new findings illustrate a positive association between gold prices and real interest rates, with these estimates remaining consistently positive and statistically significant across all G7 countries. The higher impact is displayed (once again) in the case of the US, signifying the important role of US monetary policy for the domestic, as well as the global economic outlook. In terms of the alternative asset investments, the impact of stock, silver and copper prices is negative across all seven economies indicating the competitive portfolio role of those assets against gold prices. By contrast, oil prices exert a positive effect on gold prices, exemplifying the role of oil for inflationary pressures. Finally, inflation has a positive impact on gold prices, implying the higher uncertainty associated with inflation rates, while the effect of income on gold prices is also positive, indicating a kind of wealth effect for gold prices. Next, we again investigate the short-run dynamics of the system both in relation to the adjustment towards the long-run equilibrium and the direct linkages across the underlying markets, as described by the interactions between the lagged variables in the underlying VECM. Once again, linear VECM and different variants of MS-VECM are estimated, with the results being reported in Table 8 , which shows the comparison of linear VECM and different specifications of non-linear MS-VECM based on the Akaike information criterion (AIC). The multivariate results illustrate that the best model specification for Germany, Canada, Japan, France and Italy is a non-linear specification, that is a MS(3)-VECM(2,2) model, with three regimes, heteroscedastic errors and an autoregressive order of two. However, for the case of the US, we accept the null hypothesis which correspond to a linear VECM with one lag.
The multivariate results on non-linear estimates are reported in Table 9 . For the sake of brevity only the results on the EC terms, as well as on the transition matrix per regime are reported (the detailed results are available upon request). Across all seven cases, the ergodic probability and transition matrices recommend the dominant role of the first regime. Once again, both regimes illustrate the presence of a substantial adjustment of gold prices towards long-run equilibrium, which gets stronger in the second regime, implying that gold prices adjust faster during recessions; in that sense, gold prices display a strong hedging behavior during recessions. The negative and significant relationship between the change in the lagged value of real interest rates and the change in the lagged value of gold prices remains in both regimes, with the impact being stronger in the recessionary regime. Overall, even in the multivariate case, we can definitely conclude that gold prices provide hedging services against real interest rate movements, primarily during recessions.
Conclusion
In this paper we examine the relationship between interest rates and gold prices using a Bayesian Markov-Switching Vector Error-Correction (MS-VECM) model, along with regime-dependent impulse response functions, spanning the period 1975 to 2016. A MS(2)-VECM(1,1), with two regimes, heteroscedastic errors and an autoregressive order of one is selected according to the AIC. The first regime is one characterized by a booming economy, while the second regime presents recessionary periods, including the period of the recent sub-prime crisis, from 2007q4 to 2009q2. The findings suggest a positive association between gold prices and real interest rates across all G7 countries. A higher impact is shown in the case of the US, signifying the important role of US monetary policy for domestic, as well as the global economy. There also exists a negative and significant relationship between the change in the lagged value of real interest rates and the change in the lagged value of gold prices in both regimes, with the impact being stronger in the recessionary phase. We can thus conclude that gold prices can act as a hedge against real interest rate movements during recessionary times. The results for the remaining six economies remain persistently similar, with the findings matching the turning business cycle points. Robustness checks are also undertaken including more drivers for gold prices, including consumer prices, real GDP, exchange rates, oil prices, silver prices, copper prices and stock prices. These findings again suggest a positive association between gold prices and real interest rates, with these estimates remaining positive and statistically significant across all G7 countries. The higher effect impact is exhibited once again in the case of the US, suggesting a leading role for the US in the global economic outlook. In terms of the alternative asset investments, the effect of silver and copper prices is negative across all seven economies indicating the competitive portfolio role of those assets against gold prices. As opposed to this, oil prices exert a positive impact on gold prices, illustrating the role of oil for inflationary pressures. Inflation has a positive impact on gold prices, suggesting the higher uncertainty associated with inflation rates, while the effect of income on gold prices is positive, suggesting a wealth effect for gold prices. Across all seven cases, the ergodic probability and transition matrices recommend the dominant role of the first regime. Once again, both regimes illustrate the presence of a substantial adjustment of gold prices towards long-run equilibrium, which gets stronger in the second regime, suggesting that gold prices adjust faster during recessions. The results therefore indicate that gold prices display a strong hedging behavior for interest rates during recessions. 
